The author had a very enjoyable career working with holography, interferometry, and optical testing and during this talk several projects the author worked on during his career will be discussed including 1) Use of computer generated holograms for testing aspheric optics, 2) temporal phase-shifting interferometry, 3) lateral shearing interferometry and adaptive optics, 4) computerized interference microscope, and 5) dynamic (single-shot) phase-shifting interferometry. It will be shown that as technology improves many things that were very difficult to do 30 or 40 years ago are now very simple to do and many ideas that were useless many years ago are now useful.
INTRODUCTION
Improved computers, electronics, and software have helped make possible enormous improvements in the measurement of surface shape and surface roughness. These measurement enhancements have in turn made possible enormous improvements in the fabrication of precision optics, hard disk drives, machine tools, and semiconductors. This paper will give a review of some of the computerized optical measurements areas we have been involved with that have led to improvements in the manufacturing of components or systems. For some of the items discussed, at the time the original work was performed the measurement techniques were not very useful because the enabling technology such as plotters, computers, detector arrays, and computing power needed to make useful and accurate measurements were not available, but the concepts were sound and when the supporting technology became available, the measurement techniques became more useful and valuable.
COMPUTER GENERATED HOLOGRAMS (CGH)
The ability to use aspheric surfaces in optical systems has greatly improved the quality of optical systems. A major stumbling block in using aspheric surfaces is being able to test the aspheric surfaces. CGHs provide a good method for providing a known reference wavefront for testing aspheres. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The CGH can be thought of as a binary representation of the interferogram, or hologram, that would be recorded if we were to interfere the aspheric wavefront coming from a perfect aspheric surface with the reference beam. A plotter, such as a laser beam recorder or an e-beam recorder, is used to draw the CGH. Figure 1 shows a simple CGH and Figure 2 shows a typical laser-based Fizeau interferometer with a CGH added to test an aspheric surface. A spherical beam illuminates the CGH and several beams are produced, and one is an aspheric It is interesting to note that when the original ideas for PSI were developed, PSI was not practical. Solid-state detector arrays were not yet available, computers were large, expensive and not as powerful as you would want, and the required electronics were massive. When we first became involved in the late 1960's and early 1970's, building a phase-shifting interferometer was so expensive that our only source of funding was classified government projects for making active or adaptive optics for satellite reconnaissance systems where cost was not too important. The first system we built had racks of electronics and only 21 discrete detectors, while presently PSI systems using inexpensive personal computers and multi-million-pixel detector arrays are common. In spite of how complicated and crude the first phase-shifting interferometers were, it was possible to demonstrate the adaptive optics correction of atmospheric turbulence 17 and our system worked so well that as soon as it was shown that it worked, the U.S. government classified the work for many years.
LATERAL SHEARING INTERFEROMETRY AND ADAPTIVE OPTICS
In an effort to development wavefront sensors for active or adaptive optics for satellite reconnaissance systems we decided to study lateral shear interferometers since they did not require a reference wavefront and the sensitivity can be varied by changing the amount of lateral shear. Lateral shear interferometers give the average value of the slope of the wavefront over the shear distance, rather than the wavefront itself, but since this average slope is essentially the derivative of the wavefront it is easy to calculate the wavefront from the average slope. It must be remembered that we are measuring the slope only in the direction of shear, and since we are generally measuring non-rotationally symmetric wavefronts, we must have at least two measurements with the shear in different, preferably orthogonal, directions. We also must have a shearing interferometer that easily adapts to phase-shifting.
After much thought, we decided to use grating lateral shear interferometers, such as the one shown in Figure 3 . [18] [19] [20] [21] [22] The interferometer was a two-frequency crossed grating made using holographic techniques. The two frequencies give us two first orders leaving at slightly different angles and hence the lateral shear we want. Increasing the difference between the two line spacings changes the shear and the sensitivity of the test. The crossed-grating gives us shearing interferograms having orthogonal shears, as shown in Figure 4 . Moving the gratings sideways gave use a phase difference between the two first orders, so phase-shifting techniques could be used. This phase shift depends only upon the number of grating line periods moved and it is independent of the wavelength of the light source. For example, let one grating frequency be 200 lines/mm and the second one be 220 lines/mm. If the grating is moved with a velocity of 1 mm per second, one first-order will be shifted 200 Hz and the second one will be shifted 220 Hz and the difference is 20 Hz, independent of the wavelength. Note that frequency is the time rate change of phase.
An added feature is that the interferometer is very simple. The maximum surface slope that can be measured is still a quarter-wavelength between adjacent detector points, but now it is a quarter of the equivalent wavelength. Thus, the dynamic range of the measurement is increased by the ratio of the equivalent wavelength to the individual single wavelength.
Coherence scanning
Often, a better way to increase the dynamic range of an interference microscope is to use coherence scanning. [33] [34] In the coherence scanning mode of operation an unfiltered white light source is used. Due to the large spectral bandwidth of the source, the coherence length of the source is short, and good contrast fringes will be obtained only when the two paths of the interferometer are closely matched in length. Thus, if in the interference microscope the path length of the sample arm of the interferometer is varied, the height variations across the sample can be determined by looking at the scan position for each sample point for which the fringe contrast is a maximum.
It is interesting that the ideas of coherence scanning certainly go back to the days of Michelson, but it was not until the 1990's that the required detectors and computers were available for making a practical commercial system. 34 The early commercial systems used DSPs to perform the required calculations to simultaneously determine the coherence calculations at all detector points. Then personal computers became powerful enough to do the calculations without DSPs and since then as computers became faster and faster it became easier to do the calculations at millions of data points.
DYNAMIC (SINGLE-SHOT) PHASE-SHIFTING INTERFEROMETRY
Temporal phase-shifting interferometry is extremely useful for measuring surface shape, but in many situations the environment limits the measurement accuracy and sometimes the environment is sufficiently bad that the measurement cannot be performed. This section describes a technique for reducing effects of vibration by using dynamic (single-shot) phase-shifting interferometry. The single-shot phase-shifting interferometer described is insensitive to vibration and many measurements can be averaged to reduce the effects of air turbulence in the measurement. Also, if surface shape is changing with time, the changes in surface shape can be measured and movies can be made showing how the surface shape changes as a function of time.
The major effect of vibration in temporal phase-shifting interferometry is that the vibration results in incorrect phase changes between consecutive interferograms. Vibration effects can be reduced if all the phase-shifted frames are taken simultaneously and fortunately, there are several ways of obtaining all the phase-shifted frames simultaneously. [35] [36] [37] [38] [39] [40] [41] [42] A phase-shifting technique we have worked with that works well with multiple wavelengths, or even white light, involves combining a left-handed circularly polarized beam with a right-handed polarized beam followed by linear polarizers at different angles. For this technique the phase shift between the two interfering beams is nearly independent of wavelength. It can be shown that if these circularly polarized beams are transmitted through a linear polarizer, a phaseshift between the two interfering beams proportional to twice the rotation angle of the polarizer results. 43 See Figure 6a .
Thus, if a phase mask is made of an array of 4 linear wire-grid polarizer elements having their transmission axes at 0, 45, 90, and 135 degrees as shown in Figure 6b , where a polarizer element is placed over each detector element, the mask will produce an array of four 0, π/2, π, and 3π/2 degrees phase-shifted interferograms. The size of the polarizer elements must be equal to the size of the pixels making up the detector array. Figure 6c shows an SEM photo of the patterned polarizers. It is interesting to note that while it has been known for a long time that rotating a polarizer in a circularly polarized beam changes the phase of the beam, it is only within the past few years that it is possible to produce the required wire-grid polarizer array to work in the visible spectrum. 
